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Abstract
We show that, for standard N=1 supergravity coupled to chiral
matter, if the Ka¨hler potential has no terms linear in chiral superfields,
then none are generated through quadratically divergent one-loop cor-
rections. This holds whether or not the Ka¨hler potential contains
terms cubic in chiral (and antichiral) matter superfields. If however
the cosmological constant vanishes and susy is spontaneously broken,
linear terms are present and new quadratically divergent linear terms
may be generated due to the presence of nonvanishing Ka¨hler curva-
ture. These can potentially destabilize the weak-scale hierarchy. We
discuss the importance of this for effective supergravity models which
contain standard model singlets.
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Standard N=1 supergravity in four dimensions can be considered as the
”leading approximation” of an effective low energy theory that incorporates
the effects of integrating out physics above the Planck scale. Such a low en-
ergy theory will in general contain an infinite number of nonrenormalizable
operators, and its Lagrangian will contain an arbitrary number of space-time
derivatives. Standard supergravity on the other hand, although nonrenor-
malizable, contains at most two space-time derivatives and furthermore the
couplings of gravity and chiral matter are described by a single function, the
Ka¨hler potential G:
G = K + lnW + ln W¯ (1)
where K is a real function of chiral and antichiral superfields and W , the su-
perpotential, is a holomorphic function of the chiral superfields Φi, i = 1...NS.
In the following we shall use G, K, and W to denote both superfield quanti-
ties G(Φ, Φ¯), K(Φ, Φ¯) and W (Φ) and also their scalar components G(φ, φ¯),
K(φ, φ¯) and W (φ), respectively. We will however distinguish between chiral
superfields and their scalar components by case (e.g. φ = Φ|, m =M |).
The bosonic part of the supergravity Lagrangian is [1]
1√
g
LB = Gij¯Dµφ
igµνDνφ
j¯ − eG[Gij¯GiGj¯ − 3] +
1
2
R, (2)
Here, we use the notation φi = φi¯. The Ka¨hler metric is given by
Gij¯ = Kij¯ =
∂2G
∂φi∂φj¯
, (3)
its inverse is Gij¯ = Kij¯, Gij¯Gkj¯ = δ
i
k, and Gi = ∂iG =
∂
∂φi
G. Throughout,
Kij¯ (K
ij¯) is used to lower (raise) indices. Finally, the derivatives Dµ are
general coordinate covariant.
In order to successfully describe the world we observe, the matter con-
tent of the supergravity model must include standard model (SM) fields. In
addition, there may be various SM singlets, some of which may carry non-
standard-model gauge group charges. Typically, one expects some of these
SM singlets to develop vevs at some scale belowMpl and spontaneously break
supersymmetry. Then, supersymmetry breaking terms are generated for light
superfields and in order to have acceptable masses for the standard model
particles, we typically require < eG >= m23/2 ∼ m2W . However, the SM
singlet vev(s) responsible for this may lie anywhere between Mpl and mW .
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In superstring models, SM singlets which develop vevs include the dila-
ton and moduli fields [2,3]. Furthermore, if the gauge group contains a U(1)
factor whose renormalizable couplings give triangle anomalies which are can-
celled by the Green-Schwarz mechanism [4], then some of the fields charged
under this U(1) can develop vevs [5].
In these models one generally believes it is non-perturbative physics in a
”hidden” sector which is largely responsible for susy breaking. The hidden
gauge and chiral fields (which interact only gravitationally with observable
sector fields) are charged w.r.t. a gauge group that becomes strongly in-
teracting at some scale Λc < Mpl. At this scale one expects hidden sector
gauginos to form condensates [6,7]; integrating out hidden sector fields gives
rise to an effective theory for the observable sector whose Ka¨hler potential
includes moduli and dilaton dependent terms that spontaneously break su-
persymmetry [2,3,8].
Here, we are not interested in details of the susy breaking terms in G
which are in any case not well understood. Instead we will assume that the
effective theory below some scale Λeff can be described by a Ka¨hler potential
of the form
K = K˜(M, M¯) + ZIJ¯Q
IQJ¯ +
1
2
(HIJQ
IQJ + h.c.) + ... (4)
W = W˜ (M, M¯) +
1
2
µIJQ
IQJ + YIJKQ
IQJQK + ... (5)
Here Ma parameterize chiral superfields whose scalar components acquire
large (>> mW ) vevs and Q
I parameterize the remaining fields (by assump-
tion there are no terms linear in Q). The quantities Z, H , µ and Y are in
general M , M¯ dependent. The ellipsis indicates terms higher order in Q,Q¯.
The Ka¨hler potential describes the effective tree theory of the fieldsM and
Q below some scale Λeff . We have m
2
W =< e
K˜ |W˜ |2 >; for the fields Q this
leads to supersymmetric masses [9,10] of O(eK˜/2 < µIJ > +mW < HIJ >),
nonsupersymmetric masses m2IJ¯ of O(m
2
W < ZIJ¯ >) and nonsupersymmetric
masses m2IJ of O(m
2
W < HIJ > +mW e
K˜/2 < µIJ >).
Thus, the SM µ term, W ∋ µH1H2, can potentially receive contributions
from both < µIJ > and < HIJ >; the contribution from < HIJ > is not
naturally too large once < eG >= m2W . We will assume, for whatever reason,
the contribution of < µIJ > to the µ-term is of O(mW ).
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The issue we address in this article is whether divergent one-loop cor-
rections in the effective theory can destabilize the model and lead to large
(>> mW ) corrections to low energy masses. Being an effective theory, the
divergences should be cut off at Λeff .
In particular, if G receives quadratically divergent corrections linear in
gauge singlets which couple to SM Higgs fields then large Higgs masses (>>
mW ) may be generated even if they were absent at tree level. One of the
ways in which this may potentially happen is through nonrenormalizable
cubic couplings between Higgses and singlets in K. Consider [11]
K ∋ aNH¯1H1/Mpl + bNH¯2H2/Mpl + h.c. (6)
and
W ∋ gNH1H2 +mNN2 + ... (7)
for some singlet N . Then, the second term in V, eq. (2), when expanded
about background vevs gives a susy breaking contribution
V ∋ −3m
2
W
Mpl
(anh†1h1 + bnh
†
2h2 + h.c.). (8)
One might then expect a quadratically divergent correction to V from one–
loop tadpoles involving the Higgses [11],
Veff ∋ −O
(
Λ2eff
16pi2
)
m2W
Mpl
(a+ b)n + h.c. (9)
Such a linear term in n, which should be interpreted as coming from a cor-
rection to K, indicates that < n > 6= 0 at one-loop. It is then straightforward
to check that the trilinear coupling of N to the Higgses through the super-
potential will give rise to [11]
Veff ∋ O
(
Λ2eff
16pi2
)
m2W
MplmN
g(a+ b)h1h2 + h.c. (10)
Thus, if such a linear term does arise, we require (for |a|, |b|, |g| ∼ 1)
Λeff ≤ O(4pi
√
MplmN), (11)
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in order to keep the SM masses of O(mW ). This would be an additional
phenomenological constraint on the theory.
Such linear corrections to K are well known to happen in globally super-
symmetric models with explicit breaking terms [12]. In terms of superfields,
if
Sbreak =
∫
d4xd4θUNH¯1H1 + h.c., (12)
where the spurion field U = const · θ2θ¯2, then
δS ∼
∫
d4xd4θUN + h.c. (13)
due to a one–loop superspace tadpole diagram.
However, as we now demonstrate, if G contains no terms linear in chiral
superfields then none are generated by quadratically divergent one-loop cor-
rections. It is sufficient to consider the non-gauge interactions sinceK cannot
receive perturbative corrections linear in gauge nonsinglets and gauge singlets
have no gauge interactions.
The crucial difference between the spurion example above and the effec-
tive supergravity theory is that while a cubic term like (6) in K leads to the
same type of susy breaking term in V as (12), it also leads to a renormaliza-
tion of the kinetic term for the various fields. Then, since the fields are not
canonically normalized, the loop corrections to V do not just depend on the
potential and, in fact, terms linear in fields cancel out.
To be more precise, we introduce the variable
A(φ) = eK(φ,φ¯)W (φ), (14)
for which
Ai¯ = Ki¯A, Aij¯ = Kij¯A+Kj¯Ai. (15)
We use a formalism which retains manifest holomorphic field redefinition
invariance [13,14,15,16]. Then Aij = DiDjA is defined using derivatives
covariant w.r.t. holomorphic field redefinitions. On a vector Vj, DiVj =
∂iVj + Γ
l
ijVl, where the Ka¨hler connection is Γ
l
ij = K
lm¯∂i∂j∂m¯K. Then we
find for the background field dependent mass-squared matrix [17]
Vij¯ = e
−K
(
AkiA¯j¯l¯K
kl¯ − AiA¯j¯ +Kij¯AkA¯l¯Kkl¯ − 2Kij¯AA¯+Rknj¯iKnl¯AkA¯l¯
)
.
(16)
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In this expression the Ka¨hler curvature is
Rijm¯k = −∂m¯Γijk, Rijkl = 0, Rn¯jkm¯ = −Rn¯jm¯k, etc. (17)
In (16) it is the second to last term, Vij¯ ∋ −2e−KKij¯AA¯, which contains
the susy breaking term linear in (N + N¯) when K includes terms like (6)
[just put A to its vev and pick i, j¯ to correspond to the Higgses]. As the
kinetic terms (2) depend on the Ka¨hler metric Kij¯ , it is well known that the
scalar one–loop quadratically divergent corrections to V are proportional to
[17]
Kij¯Vij¯ = e
−K
(
AikA¯
ik + (NS − 1)AiA¯j¯Kij¯ − 2NSAA¯ +Rknm¯lKm¯lAkA¯n
)
.
(18)
Chiral fermions, with Lagrangian [1,17]
1√
g
LF ∋ iKim¯
(
χ¯m¯L γµD
µχiL + χ¯
i
RγµD
µχm¯R
)
− e−K/2
(
Aijχ¯
i
Rχ
j
L + h.c.
)
, (19)
have a mass matrix proportional to e−K/2Aij. Then, a one-loop quadratically
divergent correction from chiral fermions gives exactly a contribution that
cancels the first term in (18) [17]. This is just the usual cancellation between
bosons and fermions with supersymmetric mass terms.
Thus, the quadratically divergent corrections to V are of three types:
Veff ∋ Λ2effV, Λ2effeG, Λ2effRknm¯lK lm¯AkA¯l¯Knl¯. (20)
[We have rewritten some terms using the expression for V , eq. (2).] It is
straightforward to verify that for G given by (4),(5), neither V nor eG contain
terms linear in fields QI . We now focus our attention on the last expression
in (20). If we consider only fields Q then this expression gives no linear
terms in QI because AI = ∂IA is already at least linear in Q. For terms
that involve Ma, we examine this expression when the scalar components
ma of Ma are expanded about their vevs: ma =< ma > +mˆa, A =< A >
+ < Aa > mˆ
a+ < Aa¯ > mˆ
a¯ + .... If A contains no terms linear in mˆa, i.e.
< Aa >= 0 for all a, then the last expression in (20) vanishes whenever either
k or l¯ correspond to fields mˆ, i.e. there are no terms linear in QI , QI¯ when
the fields m are set to their vevs.
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The conditions < Aa >= 0, although ensuring < Va >= 0, are incom-
patible with vanishing cosmological constant and broken susy. < V >= 0
implies
< AaA¯b¯K
ab¯ >= 3 < AA¯ > 6= 0. (21)
If we require < V >= 0 then < Aa >∼ O(mWMpl) for some a. Then, the
last term in (20) gives rise to terms linear in Q. To see this, we compute
< ∂I(R
kn¯j
jAkA¯n¯) > = < (∂IR
ab¯j
j)AaA¯b¯ > + < R
aN¯j
jAa∂IA¯N¯ >
+ < RNa¯jjA¯a¯∂IAN > (22)
at Q = 0. If K contains terms cubic in fields QI , QI¯ then < ∂IR
ab¯j
j >,
< RaN¯jj > and < R
Na¯j
j > are nonzero. We have
< RaN¯jj > = < K
L¯JKN¯RKab¯KM¯P (∂b¯∂P∂L¯K)(∂M¯∂R∂JK) >
− < KL¯JKN¯RKab¯∂b¯∂R∂J∂L¯K >
= < RNa¯jj > (23)
The expression for < ∂IR
ab¯j
j > is not very illuminating; however one can
check that it is at least of O(∂Q∂Q∂Q¯K) or O(∂Q¯∂Q¯∂QK).
Thus K must contain couplings f(M, M¯)QQQ¯+h.c. for new linear terms
to be generated. With < Aa >∼ O(mWMpl) and Kab¯∂b¯K ∼ O(K/Mpl) we
(very crudely) estimate
Veff ∋ O(
Λ2effm
2
W
Mpl
)KIJ¯(∂N∂I∂J¯K)q
N + h.c. (24)
For K containing terms like (6) this includes corrections like (9). We stress,
however, that the origin of such linear terms is due to nonrenormalizable
couplings in K and nonvanishing < Aa >; fields Q by themselves do not
give rise to linear terms as they do in a globally supersymmetric model with
explicit breaking terms like (12).
As mentioned, such terms can lead to a large SM µ-term unless the sin-
glets are very massive or Λeff is sufficiently small. One generally expects
cubic couplings in K unless their is a symmetry reason for their suppres-
sion. In string models we have to consider fields which are SM singlets but
are nonetheless not singlets under the full gauge group. Gauge invariance
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forbids terms linear in these fields; however, if part of the gauge group is
spontaneously broken then linear terms may be generated through higher or-
der terms. Some of the fields charged w.r.t. the broken group may get large
tree-level vevs (>> mW ) and belong to the set M
a; the rest belong to the set
QI . Let us donate two representative examples of such fields χ (∈ Ma) and
χ˜ (∈ QI). For a phenomenologically viable model the couplings of χ to SM
nonsinglets must be such that µIJ(< χ >) ≤ O(mW ). Even assuming this
is arranged, large SM masses may be generated due to radiatively generated
linear terms in χ˜ and couplings like W ∋ χ˜H1H2.
Of particular interest is the case of an ”anomalous” U(1)A factor whose
field theoretic triangle anomalies are cancelled by the Green-Schwarz mech-
anism [4]. In these models, we expect that SM singlet fields χ which get
vevs with < D >= 0 have U(1)A charges with the same sign, otherwise
< W > will generically be too large. [There is some combination of these
fields χ and the dilaton whose imaginary part is ”eaten” by the U(1)A gauge
boson.] Then fields χ˜ which carry opposite sign charges can typically have
large (>> mW ) masses through superpotential couplings to fields χ. How-
ever, fields χ˜ that carry charges with the same sign as χ can not get large
masses in such a manner and can potentially give the largest corrections to
the SM µ-term through radiative corrections. An analysis of whether the
dangerous couplings in K actually occur or not is beyond the scope of this
article. However, it may be possible to assign U(1)A charges so that super-
potential terms like W ∋ g(< χ >)χ˜H1H2 are absent or strongly suppressed
[18] for such χ˜.
We close with two issues. First, we have only analyzed radiative correc-
tions linear in fields QI . What about corrections quadratic in Q? In fact,
one can check that the first two terms in (20) only correct the tree level mass
parameters by a factor of O(Λ2eff/M
2
pl). The last term in (20) can potentially
generate mass terms that were absent at tree level; however any mass term
which comes from (a renormalized) K is not naturally too large.
Finally, we discuss corrections due to loops involving gravitons/gravitinos,
which must necessarily be included in order to get the complete quadratically
divergent corrections. For example, it is obvious that graviton loops will give
corrections like Λ2effV since the bosonic Lagrangian LB ∋ −
√
gV contains
a background field dependent ”mass” term for the gravitons [17] which is
linear in V . A careful analysis of the one–loop corrections to Veff requires
gauge fixing of the graviton and gravitino sectors, including corrections from
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the corresponding ghosts and ghostinos. The complete (gauge fixing de-
pendent) divergent one–loop corrections for supergravity+chiral matter have
been computed in [17]. It was found that all quadratically divergent correc-
tions are of the form (20). Although Veff is gauge fixing dependent, physical
parameters should not be. Therefore, the additional corrections do not mod-
ify the analysis presented here.
Acknowledgements. I am very grateful to Robert Shrock for the lengthy
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